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1. Introduction

«

The research carried out under this grant falls into three major categories and is
described thoroughly in eight publications which are listed in Section 3. It is therefore

not necessary to duplicate this detailed description, but highlights of these results will be

presented in Section 2. The three categories are: (a) Measurement of vibrational energy

transfer rate constants from highly excited HCl and HF to various acceptor molecules; (b)
Design and construction of a versatile flow reactor apparatus; and (c) Measurement of

important rate processes and comparison with theoretical estimates.

2. Summary of the Most Important Results

In the first of our seri.e_"s_ of papers on vibrational enérgy transfer, "Vibrational
Reiaxation.of Highly Excited'Dia‘:to‘mics. . Method, 'Analysis, and Application to Hél(-vg?) .+
CO, and N5O.” the infrared c'hglbrﬁiluminescencie method of I. W. M. Smith and co~-workers
was adapted t-c. fast flbw reac'for conditions. A s-énsitive, liquid Ny cqoied circulariy
variable fi|tgr and lnSb detector‘”view the mixing zone in which a "generating” reaction,
eg. H + ICt » HCI(\($7) + 1 produces infrared che;ni.luminescence. it is run in great
dil'ution with He such that rotational excitation of _HCl(v) is relaxed but vibrational
excitation ishot. The éhemﬂumiaeiscem emission spectrum i>s unfoided, first for the
unrelaxed distribution and thén for similar, p;aftiaﬂy reiéked dism’bﬁtions ._where queacher
molecules have been added at known concedtraxz"ons. A mdiﬁed‘ Stem-—yoimér ;na!;,‘vsis'

then calculates specific relaxation rate constants, kvov”l' where Q is the quencher ang

where it is assumed that energy transfer oceurs in single quantum steps, Av=-1. This last
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assumption has later been relaxed b‘y as§uming that 10 or 20% of the_vvi‘bration'a'l_enérvgyv
transfer proceeded by Av=-2 steps, but no substantive change of thg'ra'te cbefﬁcignts
was obs;erved. The great advantagé of this method is that the fast pumping rate is the
reference process of the Stern-Volmer anclysis so that the results, even .thc:J.ugh. not

highly accurate, are highly consistent with one another.

In the first paper, we reported the energy transfer rate constant of HCI(vsj) to CO,

and N20 which rose from a probability of .5 x 1073 per Lennard-Jones co|litsibn fféquency _

at v=1 to 0.40 at v=7.

The second baper, “Vibrational Relaxation of Highly Excited Diatomics. . HCl(v<7) +

20 Quenchers,” reported measurements ‘for six diatomic, three triatomic, and eleven

polyatomic quenchers. For most of these, ko increased with increasing v, independent 6f .

whether the vibrational energy gap was reauced or increased. Surprisingly, some large

polyatomic molecules, e.g. CF4. and SFg. are very inefficient relaxers whereas

hydrocarbons, CH,, to is0-C4Hq. are efficient. No single effect, i.e. V-V resonance,

dipole interaction, Van der Waals forces, or adduct formation, seems to control the rate of

the process. As is seen for both HCl and HF, He and Ar are very inefficient cdllisiqn'

partners which leads us to believe that the rotational degrees »f freedom in the accéptor

_moiecule are of critical importance.

in the third paper, "Vibrational Relaxation of Highly Excitad Diatomics.v HIR

HF(y=56,7) + Hy, Dy, Ny, HF, COy, N0, CHy, and GoHg,” HF(v) was produced by the highly

exothermic H + Fo + HF{v) + F reaction. The initial, unrelaxed v-distribution was as

unrelaxed as Polanyi's low. pressure "arrested relaxation” distribution. All .quenching rate
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in the form of a' power law, kev-1 ® v

constants rose with indreasing v, even when the ;librational energy defect increased, as
for H2 and HF. The Lambert-Salter correlation, log< (v/P) vs. AE, where P is the relaxation
;\robabili.tv per collision, and AE is the vibrational energy defect, was reasonable only for
C);,=‘Dz, becausé the HF(v=7+6) quantum is in resonance with Dz(v=0+1). ‘Nhén expressed
N n ranged from 2 to 8. The highly endothermic

relaxation of HF{v) by HF(v=0) is extremeiy fast, .faSter‘than the Lennard-Jones collision

frequency for v=7, which shows that the process cannot be a V-V relaxation.

The fourth paper, “Vib-ational Relaxation of Highly Excited Diatomics. V. HF(v=1-7)

-+ COy, N20, and HF,” extended the v-range of HF by using an additional four generating

‘reactions, viz. F + HBr + HF(v<4) + Br, F + CHy + HF(v<3) + CH3, F + iy » HF(v<3) + H,

and F + HZO + HF(v=1) + OH. AlIl initial v-distributions were compated with published

results and found to be in very good agreement. All seven relaxation rate constants were

then measured and compared with other published work. The agreement with direct laser

excitation studies by Crim and coworkers was excellent. The Lambert-Sa'ter correlations ,

‘for CO, and N,O look reasonably normal, based on transfer to the asymmetric v

vibration o'f 2349 or 2224 cm™!, but the reiaxgtion rate constants are too fast for'thé
large ;nergv defects of ~600 to 1'7'00 cm™ 1, ‘For Q = HF(v=0), the Lambert-Saiter
correlation mékes ﬁo sense at all, since the energy tr-ansfér becomes faster as the éﬁergv
defect"becomes' larger. ‘ |hterestingw power Iavlv plots: for all three. quenchers are .
reasonab:!; linear anq have silmilar slopes (2.8 fovr Cbz. 3 0 fqr NZO.‘ ;nd 2.7 for HF). For
tﬁe HF-HF case, classical 'and semiiclassical.traiectorv f:alg:t;iations ‘ha‘ve' been'pubﬁshed

that are in fair agreement with our experimental data for low v, but miss at high v.
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In the firth paper, “Vibrational Relaxation of Highly Excited Diatomics. V. The V-V

.'Channel in HF(v) +'HF(0) Collisions,” the fraction of V-V energy transfer, f, in the self-

relaxation of HF was expérime'\tally determined for the first time for ail v-levels. For

each guenching experiment, the average fractional V-V probability, FV—V' was determined

‘by detailed accounting of the changes of all v-level populations. This Fy,_y is a weighted

average of the desired, specific f,, values. It is clear, therefore, that one wants to start
with 1ow vibrational excitation, preferably with v=1 and 2 only in which' case one would

obtain f2 directly (since v=1 has no V-V channel).

I» reality, one obtains v=1,2, and some 3 from the F + H, and F + vCH4 generating
reactions. Thé,results of ~20 quenching- experiments provide limits of 0.5 < f5 < 0.6
and 02 < f3 < 0.4. Cohtinuiqg then to higher v-tevels with th; F + HBr and H + F,
generating raactions, one <_;an bracket all f,, values 01'1 the éssumption that fv' deqreases
monoto‘mically with increasing v. The results are that fz = 6.55 t 0.'10' fy = 0.30 t‘O.IO, fa
= 0.1% ¢ 0:1A0, and"f5, fg. and f; are ;er’c) 'to within their large error hars, i.e. itvis quite
‘|i.kely (but' not provable) that fg .~' 0.07, fg - 0.03, and,f7 0.01.‘lThese intejreéting
results ‘'were compared wli'th thec;;etical predictio‘ns and‘with one laser double resonan.ce"

experiment that vielded f, 0.59 to 0.79 where the lower value was the most likely.

“-The sixth paper, “Kinetics gf Poiyatorhic Qadicat'Reactions Using a Versatile Flow
Rééétor 'Appa'n‘itus," describes gur new apparatus and provides ‘i‘nitial.resqlts on the
kineticé of .the'NH‘z + NO af;ld CH40 + NO, reactions. At the.uownstream end of the fvtow
tube, tk 'eel independent .detection techniques are used: laser—induced ﬂuoreﬁs’éer.ce {LIF)

in the visible or rear uv, -vacuum u.v. resonance fluorescence, and modulated molecular




beam mass spectrometry for monitoring “dark” speciec. Radicals are produced upstream
’ i .
by direct or sensitized infrared laser multiphoton dissociation (MPD) at 10 or 20 Hz and

are swept into the flow tube by He carrier gas.

In the first application, NH2 radicals were prcduced from NoH, by SFG—sensitized
MPD and detected by LIF at 597.7 nm synchronized with the dye laser at 200 Hz so that

10 points could be obtained and coherently summed for each NHZ pulse. NH; was then

reacted with exc‘ess NO, and a rate constant of 0.90 x 10~ V! em3 s~1 was obtained, in'

very gcod agreement with ot‘her reported results. CH3 radicals were produced by MPD of
66F500H3 and reacted with excess ‘N02 to produce CH;0 radicals which were monitored
by LIF at 298.5 nmm. The ’slowler CH30 + NO, reaétion rate constant was then determined
by measuring the pseudo-first-order rate copstant of the CH3O decay ‘as function of
exéess NOZ concentration. A defailed study of thiS reaction is"descn‘bed below. The

new, versatile flow reactor apparatus was found to work very well.

In the saventh paper, "Kinetics of the Reaction of CH3O with NOZ,” rate coefficients

were measured over the temperature range 220-473 K and over the pressure range

0.6-4.0 torr. The remaction has two broduct. channels, CH3ON02 {1a) and CHZO + HNDZ'.

(1b). The recombination channel, la, is likely to be presé.ureﬂependent and 'to have a
negative temperature dépendence at lower pressure, near its third-order limit. The H-

atom transfer reaction, b, is likely to be independent of total pressure and to have a

positive temperature dependence. The correctness of these predictions was borne out by

the experimental results: At 250 and 298 K, the first-order rate constants were found to

be strongly pressure dependent, because ‘the reaction was dominated by the




recombination, 1a, while at 390 K and especially ac 473 K, the pressure dependence

Vdisappeared, because the reaction was dominated by atom transfer.

All data points were then fitted to. an ekpression that combined a parameterized
recombinatién rate constant, kq,, with a simple Arrhenius expressioﬁ for K1p- Tlhe best fit
gavve Kig = 26 x 10°29 (T/300)'4'5 cmb 5'1 for the low pressure limit of 1a,¥ and 9.6 x
10712 exp(-1150/T) em3 5771 for the atém transfgr, ib. Ali of the fitted parameters have

large uncertainty limits, bt their values seem quite reasonable by comparison with

similar reactions.

In the eighth paper, "Kinet.ics of the Isb;ope'Exchange Reactica of 180 With NO and
02 at 298 K,” the moﬂqlated molecular beam méss s'pectrometer was used to monitor 0
and NO, their d‘etection limits being in the 109 to,10w cm'"3 concentration range.. If the
isotopé exchange'occurs via a relatively long-lived No}‘ or O}" intermediate, the measu;ed
rate cor;stant is one haif of the O + NO or O +. O, recombina‘ion rate constant at its high
pressu.re-limi_t. Earlier published'results_had given a very low 189 . NO isotope exchange
‘rate ~otistant, -AO_.'I.B. X 1 0’” cm3"s", in poor agreement with thg measured high-pressure
*Tecdmbin.aticn rate constl'ant, 3.0 .x 10711 cm3 s~ and with, the related vi‘brati;)nal _
relzxation of NO(v=1) by O, k = 6.5 )(.'10'11 cm3 5”1 Our experiments showed that the
isqtope axchange ‘prpt‘-:ess was indeed much faster than had heen rep,olrted, ie. k,== (3.7 #

.0.5) x .10'”'cm3 s", and we were able to show ‘why the low value had been found

earlier.

For the 180 «+ 02 exchange, earlier measurements had given 0.10 to 0.17 x 107"

cm3 571 whereas we found (029 £ 05) x 107" -cm3 571 as the result of three different




ways of measuring the isotope exchange rate. The agreement with the measureq or
calculated high-pressure recombination rate constant is -fairly good. Trajectory
calculatiqns that used‘two different potential energy surfaces showed that the exchange
process was partly “direct,” i.e. did not proceed by way of a iong-lived Og intermediate.

This may be due to the relatively weak 0-0, bond, but needs to be confirmed by funher

calculations.
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